High initial (2 minutes after iv injection) brain-uptake of PET agents is required to deliver the agent to binding sites in brain tissue but, for quantification of the specific binding, relatively rapid washout of free and nonspecifically bound PET agents from the brain (30 minutes after injection) also is required. In order to compare the physicochemical properties of the PET agents which are responsible for early brain-uptake and rapid washout, respectively, chemometric analysis on brain-uptake of PET agents was performed via a classical VolSurf approach. According to the PCA and PLS results, high 2-30 min brain-uptake ratio seems to be related to the large hydrophobic regions in the PET agents which are not confined to a particular surface.
Introduction
Alzheimer's disease (AD) is a neurodegenerative disease of the brain associated with irreversible cognitive decline, memory impairment and behavioral changes. Currently, the only definitive confirmation of AD is by postmortem histopathological examination of senile plaques (β-amyloid, Aβ-plaques) in the brain. 1 While there are no definitive treatments available to affect a cure of AD, much recent interest has been given to the development of anti-amyloid therapies aimed at halting and reversing Aβ-deposition and, thus, monitoring of the therapeutic efficacy would greatly benefit from methods for the in vivo detection and quantification of Aβ-deposits in the brain. 2 Agents for the in vivo imaging of Aβ-plaques with positron emission tomography (PET) or single-photon emission computed tomography (SPECT) have been reported by several research groups, which are based on highly conjugated dyes such as congo red, chrysamine G, and thioflavin T. In order to produce an image, the imaging agents should penetrate into the brain and bind to the Aβ-plaques. Thus, the brain-uptake is a critical factor in determining the effectiveness of the PET agent. There is a broad consensus that the initial brain-uptake of the radioligands can be explained by the permeability of the blood-brain barrier (BBB). Previous studies suggest that the optimal lipophilicity range for brain entry is observed for compounds with logP values between 1 and 3. Below that range, passive diffusion through the BBB is poor, and above that range, binding of any radiotracers to blood components is so great as to limit the amount available for brain entry. While high initial brain-uptake is required to deliver the agent to binding sites in brain tissue, relatively rapid washout of free and nonspecifically bound radiolabel from the brain in 30 min or less also is required in order to quantify specific binding to sites of interest. Particularly for relatively short-lived 11 C-labeled radioligands, the rapid washout is an appropriate pharmacokinetic property for early detection of amyloid plaques in the AD brain, which was shown in the successful development of N-[
3,4 Although many factors such as molecular size, ionic charge, and lipophilicity affect the brain clearance of compounds, the precise mechanisms responsible for the rapid clearance of the PET agents from the normal brain still remain unknown. [5] [6] [7] Thus, in this study, we made the here to unknown attempt to compare the physicochemical properties of the PET agents which are responsible for early brain-uptake and rapid washout, respectively, by construction of chemometric models via a VolSurf approach.
Results and Discussion
Pharmacokinetic properties are often the bottleneck in drug discovery, being closely linked with partitioning, solubility and membrane transport. It is well known that the drug orientation and its rate of movement within the biological membrane are related to its size and shape. VolSurf is a computational procedure, which is specifically designed to produce descriptors related to pharmacokinetic properties such as partitioning and membrane transport starting from 3D interaction energy grid maps produced by GRID program. In this study, in order to identify the physicochemical properties responsible for efficient initial brain-uptake as well as rapid washout of PET agents, a chemometric analysis was performed by using the VolSurf approach.
PCA Analysis. In a first step, VolSurf descriptors (Table  1) were derived using the water (OH2), the lipophilic (DRY) and the hydrogen bond acceptor (O) probe, which were rearranged in a X data matrix made of 25 rows (the training set molecules, Fig. 1 ) and 94 column variables (the calculated variables).
Then the PCA works by decomposing the X-matrix as the product of two smaller matrices, which are called loading and score matrices. The loading matrix is composed of a few vectors (Principal Components, PCs) which are obtained as linear combinations of the original X-variables and it con-tains information about the variables (structural features). The score matrix contains information about the objects, and each object is described in terms of its projections onto the PCs instead of the original variables. In this study, five significant principal components were observed by crossvalidation technique (Table 2) , which explained about 78% of the total variance of the matrix, the first two PCs being most informative.
The best way to extract information from the PCA is through a few informative diagrams (score plot and loading plot) which permit a simple, straightforward interpretation of the problem under investigation. Figures 2 and 3 show the score plot of the second versus the first component and the corresponding loading plot, respectively. The score plots were color coded according to their 2-min ( Fig. 2a) and 30-min (Fig. 2b) brain-uptake values (Table 3 ) with most active compounds colored red triangle followed by orange circle, pink rectangle, green diamond and then blue bar for the least potent compounds. Clearly, all top 10 compounds (red triangles and orange dots) are observed to lie in the same cluster which is marked by an ellipse in the score plot color coded by 2-min brain-uptake values (Fig. 2a) whereas no clustering could be identified on the basis of the 30-min data (Fig. 2b) .
As the PCA analysis does not require external information (activity data) or training, the score plot which shows that the generated VolSurf descriptors restricted the most active compounds to a specific region (Fig. 2a) can be used as a projection map to understand the early brain-uptake properties of the untested PET agents. On the other hand, as the score plot fails to cluster the PET agents according to the 30-min brain-uptake data, rapid washout property of PET agents cannot be properly projected by the PCA analysis.
Turning our attention to the loading plot ( Fig. 3) , the loading of a single variable indicates how much this variable participates in defining the PC. Variables contributing very little to the PCs have small loading values and are plotted around the center of the plot. On the other hand the variables that contribute most are plotted around the borders of the plot. In the loading plot of the PET agents (Fig. 3) , the VolSurf descriptors that are contributing most in PC1, explaining major portion of the PC2, and contributing very little to the PCs are encircled blue box, red circle and black ellipse, respectively.
The first PC (PC1, x-axis, Fig. 3 ) mainly classifies molecules according to the distribution of hydrophilic regions around them. Molecules with negative scores are influenced most by integy moments Iw4-Iw6 and by diffusivity DIFF. Integy moments measure the imbalance between the center of mass of a molecule and the position of hydrophilic or hydrophobic regions around it. If the integy moment is high, there is a clear concentration of hydrated or hydrophobic regions in only one part of the molecular surface. If the integy moment is small, the polar or hydrophobic moieties are either close to the center of mass or they are at opposite ends of the molecule. At the positive extremity, the first PC is influenced most by capacity factors Cw, hydrophilic best volume BV, and hydrophilic regions W, which define the amount of hydrophilic regions per surface unit, the best three hydrophilic volumes generated by a water molecule when interacting with the target, and the molecular envelope accessible to the solvent water molecule, respectively. Thus, the molecules characterized by negative PC1 scores show a localized hydrophobic region, while molecules with positive PC1 scores show hydrophilic regions distributed over greater surface areas, and the hydrophobic regions do not seem to be relevant.
On the other hand, the second PC (PC2, y-axis, Fig. 3 ) in the negative scores region is influenced most by hydrophobic regions D1-D8 and hydrophobic best volumes BV11-BV12, which define interaction with DRY probe and the best three hydrophobic volumes generated by a DRY probe when interacting with the target, respectively. In the positive score value region the second PC is determined most by hydrophobic integy moments ID1-ID8. Taken together, the molecules characterized by negative PC2 scores show hydrophobic regions distributed over greater surface areas, while molecules with positive PC2 scores show localized hydrophobic regions.
It is worth to note that the top 10 active PET agents are Brain-uptake data are normalized to body weight (in kg). Thus, the data are expressed in (%ID-kg)/g located along the positive y-axis of the score plot (Fig. 2a) , and thus, it can be hypothesized that for PET agents to have good brain-uptake 2 minutes after intravenous injection, they should be characterized by a localized hydrophobic region. The information obtained is of particular interest since PCA, which does not explicitly consider the activity of the considered structures nor training was explicitly made, was able to divide the molecules in such a way that the biological activity was recognized in a correct ranking order around the series of compounds.
PLS Analysis. As a next part of our work, like in other QSAR methods, we tried to predict the biological activities by using PLS analysis. PLS has been shown to be one of the (Table 4 ). In case of 30-min brain-uptake data a model of two components with cross-validated r 2 (q 2 ) value of 0.616 and conventional r 2 of 0.806 which explains 50% of the total variance of the data was obtained (Table 4) .
Both models were used to predict the activities of the external training set containing 13 compounds (Table 5 ), and Figure 4 shows the results obtained in terms of experimental versus recalculated values for the 2-min model, 30-min model and test set. As the literature for the test set molecules presents brain-uptake data normalized to the mouse body weight [(%ID-kg)/g], direct comparison of the experimental data with the recalculated data obtained from the model trained by (%ID/g) data is not feasible, and thus, 2-30 min ratio of brain-uptake was used to evaluate the predictive ability of the model, which provided fair prediction for all the compounds with residual values less than one log unit ( Table 5) .
The VolSurf descriptors with the strongest impact on brain-uptake of PET agents are highlighted in PLS coefficient plots in Figure 5 . Brain-uptake 2 minutes after intravenous injection particularly increases with high values of the volume/surface ratio of the water probe (ROH), hydrophobic regions (D) and best volumes (BV) of the DRY probe, and molecular weight (MW) (Fig. 5a) . Conversely integy moments of the water probe (Iw) is inversely related to the brain-uptake (Fig. 5a ). Taken together, for efficient initial brain-uptake of PET agents, hydrophobic regions are optimal but hydrophilic regions strictly confined to a particular surface are detrimental. The hydrophobic regions (D) and best volumes (BV) of the DRY probe also plays the key role in taking the PET agents inside the brain 30 minutes after injection, but several other factors such as high values of the hydrophilic best volume (BV) and the hydrophilic local interaction minima (D) of the water probe, hydrophobic integy moments (ID) and hydrophobic local interaction energy minima (Emin) of the DRY probe, and hydrophilic regions (W) of the hydrogen bond acceptor probe exert significant impact on brain-uptake of the ligands (Fig.  5b) . For clear comparison of the descriptors which are important for initial brain-uptake (2-min data, Fig. 5a ) and rapid washout (30-min data, Fig. 5b ), relative changes of the PLS coefficients of 94 VolSurf descriptors were calculated which is shown in Figure 5c . Thus, high positive values of the relative changes indicate significant decrease of the PLS coefficients in 30-min data and negative relative changes reflect the corresponding descriptors are less important in 30-min brain-uptake. Many descriptors showed relative changes larger than 2.5 but, among them, only one descriptor [hydrophobic integy moments (ID) of the DRY probe] had the absolute coefficient larger than 20% of the maximum value (Fig. 5c ), which could give significant impact on brain-uptake of PET agents. This result clearly shows that high ID of the DRY probe is the major descriptor for characterization of the PET agents which can be rapidly taken up by the brain (high 2-min brain-uptake values) and kept inside the brain 30 minutes after injection (high 30-min brain-uptake values). In other words, among compounds which have good initial brain-uptake values, particularly those with concentrated regions of hydrophobicity would have a strong tendency to stay for a long time in the brain, which is an inappropriate property for a good PET agent. Thus, the concentrated hydrophobicity seems to help initial brain-uptake of the PET agents but it has a detrimental effect on the escape of the molecule from the brain to result in high brain concentration after 30 minutes.
In conclusion, taking the results of the chemometric study (PCA and PLS analyses) together, we can propose physicochemical properties of PET agents for high initial brain- uptake but rapid washout. High early brain-uptake seems to be related to the large and concentrated hydrophobic regions but for rapid washout the hydrophobic region should not be confined to a particular surface. Thus, this study indicates that the hydrophobic integy moments (ID) play the key role in determining the efficiency of the PET agents, which provides valuable insights in developing novel PET agents.
Experimental Section
Databases. The training set comprises 25 PET agents (PET_1~PET_25, Fig. 1 ) which were reported with initial brain-uptake values along with washout data in the literature. 8 The test set includes 6-substituted 2-arylbenzothiazoles (PET_26 ~ PET_38, Fig. 1 ) of which brain-uptake data are normalized to mouse body weight (in kg) and thus, direct comparison with other literature data is not possible. 9 3D-Structures Generation. Molecular models and geometry optimizations were performed using the software package SYBYL v 7.2 running on a Linux workstation under the enterprise operating system. All compounds were constructed by the Sketch module in SYBYL base, assigned with MMFF94s charges and minimized with MMFF94s 10 force field. Conformational analysis was not performed because the structures used have only one rotatable bond bridging two aryl groups of which rotation does not produce energetically different conformations. Also, VolSurf descriptors are known to be relatively independent of the conformation of molecules. 11, 12 Chemical Descriptors. VolSurf Descriptors. VolSurf is a computational procedure to produce 2D molecular descriptors from 3D molecular interaction energy grid maps. 11, 12 The basic idea of VolSurf is to compress the information present in 3D maps into a few 2D numerical descriptors which are very simple to understand and to interpret. The molecular descriptors were derived by using the VolSurf/GRID program, which is a computational procedure for producing and exploring the physicochemical property space of a molecule, starting from 3D interaction energies grid maps between the target molecule and different chemical probes. In our study we used the probes water (OH2), hydrophobic (DRY) and H-bonding carbonyl (O) to generate the 3D interaction energies and a Grid space of 0.5 Å. As a result, VolSurf generated 94 physicochemical descriptors reported in Table 1 .
Statistical Analysis. Complexity reduction and data simplification are two of the most important features of the VolSurf package which includes chemometric tools such as principal component analysis (PCA) and partial least squares analysis (PLS) for extracting and rationalizing the information from any multivariate description of a biological system. Two PCA diagrams (score plot and loading plot) were plotted in the space of the principal components (PCs). PLS regression technique was used to derive a QSAR model of the PET agents. The predictive ability of the generated PLS model was evaluated using leave-one-out (LOO) crossvalidation. External prediction set (test set) was also used to evaluate the predictive ability of the model. Thus, the original data set are split up into two groups from the very beginning of the analysis. The first one, the training set, was used to build the PLS model and the other, the test set, was used to compare the experimental Y-values with the predictions made by the model.
